Abstract This study aimed to investigate the effect of resin impregnation on the interfacial shear strength (IFSS), thermogravimetric (TG) and fourier transform infrared (FT-IR) of sugar palm (Arenga pinnata) fibres. In addition, the effect of resin impregnation on the mechanical properties of sugar palm fibre reinforced unsaturated polyester (UP) composites was also studied. The fibres were impregnated with UP via vacuum resin impregnation process at a pressure of 600 mmHg for 5 min. Composites of 10, 20, 30, 40 and 50 % fibre loadings were fabricated and tested for tensile and flexural properties. It was observed that the impregnation process caused the fibres to be enclosed by UP resin and this gave a strong influence to the increase of its interfacial bonding by the increase of its IFSS from single fibre pull-out test. It was also observed with TG and FT-IR spectra that the impregnated fibre had lower moisture uptake than the control and there was no significant increase in thermal stability of the impregnated fibre. The sequence of fibre decomposition started from the evaporation of moisture, hemicelluloses, cellulose, lignin and finally ash content and the presence of these components were proven by FT-IR spectra. For the composite specimens, due to the high interfacial bonding of the impregnated fibre and the matrix, the impregnated composites showed consistently higher tensile strength, tensile modulus, elongation at break, flexural strength, flexural modulus and toughness than the control samples. It was also observed that 30 % fibre loading gave optimum properties.
Introduction
The research on natural fibre composites is gaining increased recently due to the advantages of the natural fibres. The advantages include the fibres which are very less harmful to human health and environment, low density as well as their low cost since they are available in abundance; and have high specific properties compared to synthetic fibre composites [1] [2] [3] [4] .
In characterisation of the composite properties, it is well-established that the properties of fibre-reinforced composites depend on many factors related to the fibres, matrices or interactions between them. This is even more complex problem since the introducing of natural fibres [4, 5] recently with the main issue being their hydrophilic nature [5, 6] . This, in turn, leads to other issues which where one of them is the problem of incompatibility between the fibre and the matrix. This problem affects fibre stress transfer and results in poor interfacial bonding between the fibre and the matrix. Due to this, a number of studies have been carried out to enhance the compatibility between the fibre and the matrix such as by modifying the matrix or introducing suitable coupling agents or by treating the fibres using chemical reagent such as alkaline, physical treatments using plasma and so on [1] [2] [3] [4] [5] [6] .
This study focused on investigating the effect of resin impregnation on interfacial shear strength (IFSS), thermogravimetric (TG), fourier transform infrared (FT-IR) spectra of sugar palm fibre. The effect of impregnated fibre to mechanical properties of sugar palm fibre reinforced unsaturated polyester (UP) composites was also carried out to determine whether the resin impregnation improve the mechanical properties of the composites.
Materials and methods

Materials
Sugar palm fibres were obtained from Kampung Kuala Jempol, Negeri Sembilan, Malaysia. In this study, a matured sugar palm tree with a height of 20 m was selected during the flowering stage. The flowering stage (age more than 6 years old) is considered as a mature stage at which a large quantities of fibres are produced with good properties [7] [8] [9] . Further, the fibres were obtained within the live palm frond to ensure optimum tensile and chemical properties [10] . The fibres were washed and dried at room temperature for 24 h before being cut to lengths of 30 mm.
Unsaturated polyester type isophthalic was used as impregnation agent and matrix in the fabrication of the composites. Methyl ethyl ketone peroxide (MEKP) supplied by Pultrusion Innovative Sdn. Bhd (Seremban, Negeri Sembilan, Malaysia) was used as catalyst with the mixing ratio of matrix to catalyst being 98:2.
Methods
Impregnation of fibre
The impregnation of fibres was carried out at the Forest Products Division, Forest Research Institute Malaysia (FRIM), Kepong, Kuala Lumpur, Malaysia. They were submersed in a 1,000 mL beaker that was filled with impregnation agent; UP and was placed inside a glass vessel. The glass vessel was evacuated at an impregnation pressure of 600 mmHg (80 kPa) for 5 min before the vacuum vessel was slowly released within 30 s. The impregnated fibres were taken out and the excess resin was drained off for 5 min. Next, the impregnated fibres were taken out and excessive resin was then drained off for 5 min.
Curing of fibre
The impregnated fibres were then laid evenly on the plates before being cured in an oven at the temperature of 140°C for 30 min. The cured fibres were gently removed from the plates.
Properties of single impregnated sugar palm fibre
Before being used as composite reinforcement, the IFSS, TG, FT-IR spectra of impregnated fibre were initially determined and compared with the unimpregnated fibre.
Determination of interfacial shear strength (IFSS)
Single fibre pull-out tests were conducted by pulling out the fibre from the matrix to determine IFSS of the fibre in the UP matrix. The fibres (control and UP-impregnated sugar palm fibre) were cut into lengths of 50 mm and were aligned in the mould with the embedded length (l) of 3 mm (Fig. 1) .
UP resin was mixed with MEKP with mixing ratio of 98:2 and poured into the moulds. A Universal Testing Machine (UTM) type Instron (model 3365) with capacity load of 5 kN was used for the test. The fibre was pulled at a speed rate of 0.1 mm/min with a fixed gauge length of 10 mm at a room temperature of 23°C and relative humidity of 50 %, in accordance with well-established methods [11] [12] [13] . 30 specimens were tested for each batch. The IFSS was then calculated using the Eq. 1. where r is the interfacial shear strength (Pa), F is the maximum load before the fibre pulled out (N), d is the fibre diameter (m), ' is the embedded length (m).
Determination of thermogravimetric analysis The materials to be analysed (fibres of 1, 3, 5, 7, 9, 11, 13 and 15 metre height) were pulverised to be a size of British Standard (BS) 60 mesh. TG was carried out using a Perkin Elmer Thermal Analyzer model TGA7/DTA7, at temperature range of 35-800°C with heating rate of 10°C/min with holding time of 1 min at 35°C under nitrogen atmosphere.
Determination of fourier transform infrared (FT-IR) spectra The fibres of 1, 3, 5, 7, 9, 11, 13 and 15 metre height were pulverised to be in size of BS 60 mesh. FT-IR spectra were collected using a Perkin-Elmer 100 Series. 2 mg of the pulverised sample was mixed with potassium bromide (KBr) before being pressed into a disc of about 1 mm thick. The FT-IR spectra were collected in range of 200-4,000 cm -1 .
Fabrication of composites
For the fabrication of the composites, the reinforcement fibres were cut into lengths of 30 mm. The selection of 30 mm was based on studies which report that this is the optimal length required to obtain natural fibre reinforced polyester composites with maximum mechanical properties [14, 15] . The fibres were placed into a mould covered using polyethylene plastic. Composites of 10, 20, 30, 40 and 50 % of chopped impregnated and un-impregnated sugar palm fibre loadings were prepared. The weight of the matrix, catalyst and fibres were recorded before the fabrication process. The mixing ratio of the catalyst, MEKP was 2 % of the weight of the liquid matrix.
Unsaturated polyester composites reinforced with impregnated sugar palm fibre and controls were fabricated at different fibre weight loadings of 10, 20, 30, 40 and 50 %. The composites were fabricated using compression moulding. The composites were pressed using a cold press machine at a pressure of 10 kPa for 24 h to eliminate the bubbles in the composites.
Determination of mechanical properties of composites Twenty specimens were prepared for each fibre loading of the control and impregnated composites for tensile and flexural tests. The specimens of tensile and flexural were prepared in accordance to ASTM D5083 (2010) and ASTM D790 (2010) respectively as follows; Toughness was determined by measuring the total area covered under the stress-strain curves (up to rupture point) obtained from the tensile tests, representing the total energy that the material can absorb before rupturing [10] .
Morphological observation
An optical microscope model Leica MS 5 (New York, USA) was used to observe the surface and cross-sectional views of sugar palm fibres after the impregnation process. A scanning electron microscope (SEM) (LEO 1455) (New Jersey, USA) was used to observe the fibre surface and fractured surface of composites.
Results and discussion
Properties of UP-impregnated sugar palm fibre
Interfacial shear strength (IFSS)
The IFSS of the controlled and impregnated fibre were carried out. The control possessed an average IFSS value of 0.19 MPa (SD = 0.08) as compared to 0.69 MPa (SD = 0.11) impregnated fibres; hence increase of 72.46 % over the controlled fibre. The higher IFSS of the impregnated fibres suggests that there is a good interphase due to compatibility between the fibre and the matrix. For the unimpregnated fibre (controlled), it can be concluded that the lower IFSS depicts a weak bond interphase between the fibre and the matrix. This can be better understood by examining images of the longitudinal surface of the fibres (Fig. 2a, b ). Figure 2b clearly shows that after being impregnated the fibre was fully enclosed with UP compared to the natural surface of sugar palm fibre (control) as shown in Fig. 2a .
It should be noted that penetration of UP onto the fibre surface allows resin molecules to be uniformly distributed and embedded in the micropores onto around fibre surface. This causes the fibre surface to have a polymeric surface structure which acts as interphase layer that provides a better resin to resin contact (UP-UP-fibre) compare to control (UP-fibre) as illustrated in Fig. 3 .
The issue of incompability between these two different materials; hydrophobic polymer matrix and hydrophilic fibre adversely affects the interfacial adhesion of composite and may cause a lower composite properties. In this study, an enhancement of bonding strength between the fibre and the matrix was obtained. This is acheived since the higher amount of resin molecules being embedded onto the fibre surface allows more stress to be transferred which in turn increases the interfacial fibre-matrix bonding. It appears that the impregnation process improved the fibre stress transfer which enhanced the composite interfacial bonding as well as the performance of the composites.
Thermogravimetric analysis
The effect of resin impregnation on thermal degradation of the sugar palm fibres was carried out and their TG and derivative thermogravimetric (DTG) are shown in Fig. 4 . No significant difference in thermal degradation was found between the two fibres. Their TG and DTG behaviours followed similar decomposition trend of other lignocellulose fibres; starting with evaporation of moisture, followed by the decomposition of lignocellulose components such as hemicelluloses, cellulose, lignin and lastly their ash content.
Since natural fibres are hygroscopic in nature, they contain moisture especially in their cell wall since they absorb moisture from the humid environment. As the temperature was increased, evaporation of water molecules decreased the weight of the fibres. This mass loss could be assumed as the moisture content (MC) of the fibre. In the TG curve, it was observed that the evaporation of the MC of both fibres started at 37°C and completely evaporated at *142°C (controls) and *129°C (impregnated fibres). It is also observed that the impregnated fibres had a mass loss of 6.54 % while the mass loss was 9.67 % in the controls, which meant that the impregnated fibre had lower MC than controls. This is supported in the DTG curves where mass loss rate of the controls was higher (-1.77 wt%/min) than impregnated fibre (-1.33 wt%/min) which represents a higher amount of water molecules in the control. This analysis is further evidence that the impregnation process reduces fibre moisture uptake. Following impregnation, the moisture uptake of the fibre is reduced due to physical blocking of fibre hydroxyl groups with the cured thermosetting resin that was impregnated into the cell wall and cell lumen and also enclosed onto the fibre surface.
After moisture had completely evaporated; the decomposition of lignocellulose components of cellulose, hemicelluloses and lignin took place where the decomposition started by decomposing the hemicelluloses, cellulose and lastly the lignin [16] . The decomposition of these components is generally due to chemical changes that were induced by extremely high temperature which in turn caused cellular breakdown to occur in the fibre components. As temperature increased, the decomposition of hemicelluloses occurred as indicated by the decrease in mass. Since hemicelluloses are amorphous, random and have abundant branches, they underwent thermal degradation much easier. It was observed that the decomposition of hemicelluloses of controls and impregnated fibres started at 142-143°C and had completely decomposed at 283-285°C (Fig. 4) . In general, TG behaviour of both fibres showed that there was no significant difference. On the other hand, their DTG behaviours were slightly different; the mass loss rate for the impregnated fibre (-2.7821 wt%/min) was slightly lower than the controls (-2.9328 wt%/min). Once hemicelluloses have completely decomposed, the decomposition of cellulose takes place. Cellulose has relatively higher thermal stability than hemicelluloses due to high crystalline structures in its chain that require high energy to break the chains as compared to amorphous hemicelluloses. It was observed that the controls and impregnated fibre had similar temperature ranges of decomposition where the decomposition started at *287°C and completely decomposed at 501-503°C as shown in their TG curves. However, a great difference was found in their DTG curves where there was a shift in the peak of 315°C (control) to 331°C (impregnated fibre) which means that impregnated fibre had slightly higher thermal stability than the controls. This trend can be explained due to the presence of UP in the impregnated fibre, the decomposition of UP had influenced the peak decomposition of the cellulose component in the impregnated fibre. The presence of UP in the fibre can also be proven where there was a great difference in their mass loss rate as the peak of the impregnated fibres was greatly higher (-9.16 wt%/min) than the control (-6.93 wt%/ min). It was also supported by Zohdy [17] where UP initially decomposed at 300°C and completely decomposed at 500°C which was almost the same behaviour in this study (Fig. 4) .
After decomposition of cellulose, decomposition of lignin takes place. In fact, decomposition of lignin started before hemicelluloses and cellulose had decomposed. Also, unlike cellulose (decomposes at a very high mass loss rate once the required temperature is achieved), lignin decomposes at very low rate (\0.14 wt%/°C) [16] and typically has a wide range of decomposition temperature starting from 160°C and will have completed at 900°C [16] . Since the decomposition of lignin occurs at very low mass loss rate and decomposes in wide ranges temperature results in the DTG peak of lignin disappears in Fig. 4 . Although it decomposes at a very low mass loss rate, lignin can be thought of as being the toughest component among other lignocellulose components since it fully decomposes at a very high temperature. The last component left was their ash content i.e. the inorganic materials in the fibre. It was observed in TG curves that impregnated fibres (16.5 %) had lower ash content than the control (25.5 %).
Fourier transform infrared (FT-IR) spectra
The specificity of functional groups present in the control and impregnated fibre was analysed by FT-IR and shown in Fig. 5 . Through the functional groups that were detected in FT-IR spectra, it would also be the proof of the existence of chemical constituents in the fibre as discussed in TG/DTG such as cellulose, hemicelluloses, lignin, etc. For example, the peaks at 1,000-1,300 cm -1 correspond to the C-O groups in the fibre [18, 19] while the peak at 1,436 cm suggest the existence of crystalline regions in the fibres [20] . The peaks within the range 1,475-1,600 cm -1 in the control and impregnated fibre indicate the stretching of the aromatic group which was typically present in lignin [18, 19, 21] . The peak 1,716 cm -1 (control) and 1,717 cm -1
(impregnated fibre) are attributed to the C=O stretching of the carboxylic group in hemicelluloses and lignin of fibre. Pavia et al. [22] and Khalil et al. [23] also reported that the stretching of C=O occurs at peak 1,715 cm -1 . The strong bands at 2,948 cm -1 (impregnated fibres) and 2,917 cm
(control) was attributed to the C-H stretching where the peak was found slightly switched to the right as can be seen in the spectrum of control. It was also observed that there was a wide range of peaks in the ranges of 3,200-3,500 cm -1 for both fibres which indicate there were OH groups in the fibre and this was further proof of the presence of water molecules in the fibre as discussed earlier. This was also supported by Pavia et al. [22] , Sakina et al. [24] and Sahari et al. [25] as these peak ranges were attributed to the streching of hydroxyl groups due to hydrogen bonding between the molecules. It was observed that the peak of impregnated fibre (3,418 cm -1 ) slightly shifted to the right compared the control (3,334 cm -1 ). It was also observed that the peak of impregnated fibre had lower absorbance than the control which depicts that less hydrogen bonding was present. This can be explained due to the lower absorbance that were detected which suggest less amount of hydrogen bonding as lower water molecules were present in the impregnated fibre than the control i.e. once the fibres underwent resin impregnation, the water absorption (WA) of the impregnated fibres was significantly reduced. This further supports to the observation that there is a lower moisture absorption in the impregnated fibre as compared to the the controls.
Mechanical properties of UP-impregnated sugar palm fibre reinforced unsaturated polyester composites
This section further discusses the mechanical and physical properties of impregnated and un-impregnated sugar palm fibre reinforced UP composites at various fibre loadings (10, 20, 30 , 40 and 50 %).
Mechanical properties
As noticed earlier, resin impregnation (using UP as the impregnation agent) improved IFSS of single sugar palm fibre (after being pulled out from the UP matrix). This section studies the effectiveness of the modification method to the mechanical properties of their composites.
Composites of different fibre loadings (10, 20, 30 , 40 and 50 %) were fabricated and tested for tensile and flexural tests and their results are presented in this section. The stress strain curves of the controls and impregnated composites (from tensile test) are presented in Fig. 6 . Significant difference in their stress-strain behaviours was observed where mostly impregnated composites ruptured at higher stress and strain values than the control. The tensile strength of sugar palm fibre composites with different fibre loadings are shown in Fig. 7 . It was observed that tensile strength of impregnated composites increased steadily as the fibre loading iincreased from 10 to 30 % while beyond this a slight reduction in the tensile strength was observed. This decrease at 40 and 50 % fibre loading content could be related to the poor fibre-resin wettability which may occur due to intermingling of fibres in the composites, resulting in insufficient resin to wet the fibre. If a low amount of resin is absorbed, the fibres are unable to adequately carry the concentrated load and this, in turn, reduces the mechanical properties of the composite [3, 4, [26] [27] [28] [29] . In the control samples, it was observed that the tensile strength decreased gradually from 10 to 50 % of fibre loadings. This is due to poor adhesion between the fibre and the matrix.
It is interesting to note that the impregnated fibre composites had a consistently higher tensile strength than the control samples for all fibre loadings. This is thought to be because the impregnated composites have good interfacial bonding between the fibre and the matrix. After impregnating the sugar palm fibre with UP, it allows the resin molecules to reside in the call wall and cell lumen and uniformly embeds into the fibre surface. Thus, the mechanical interlocking force between the fibre and the matrix became larger since there is an increase in the number of resin molecules embedded in the fibre surface. This promoted the impregnated fibre to have a surface akin to a polymeric structure, enabling the matrix to have better interfacial adhesion with the fibres. In other words, the embedded matrix on the fibre surface acted as an interphase layer and improved the stress transfer between the fibre and the matrix, which resulted in enhancement interfacial bonding of the impregnated composites as shown in Fig. 3 earlier. This demonstrates that the impregnation process provides a larger area of resin-to-resin contact (in the composite) and results in improved interfacial bonding strength and composite properties. This also reduces the incompatibility of hydrophobic polymers with hydrophilic natural fibres that caused poor adhesion and wettability.
It was also found that the impregnated fibre composites had a consistently higher tensile modulus than the control samples after the fibre underwent impregnation with UP with the exception of the composite with 10 % fibre loading (Fig. 8) . This is due to the fact that the fibres Fig. 7 Tensile strength of composites at various fibre loadings became stiffer since the fibres' empty spaces (cell lumen and cell wall) were already filled with the stiff cured UP resin after undergoing impregnation process. It is thought that this determines the increase in modulus of elasticity of the fibre and composites. The increase in modulus of elasticity of the impregnated composites was expected and this was also reported in many studies that impregnation modification generally increases the Young's modulus of lignocellulose materials [30] [31] [32] [33] [34] [35] .
It is also observed that the highest tensile modulus of the impregnated composites was found at 30 % fibre loading (1.77 GPa). This appears to be the optimal fibre loading, resulting in better stress transfer to the fibre. Further increasing the fibre loading, it seems that the resin binder was insufficient to wet the fibre adequately and this resulted in poor fibre bonding. As a result, there were many interspaces between the fibres and the matrix, resulting in the formation of many voids leading to poor stress transfer and a reduction in the mechanical properties of the composites. Therefore, inferior tensile properties were obtained in the composite containing 40 and 50 % of fibre loadings. For the control samples, it is observed that their tensile modulus decreased with an increase in fibre loading from 10 to 50 % which is similar to the trend obtained in tensile strength.
A similar trend was observed for the elongation at break of the composites which increased with fibre loading up to 30 % and decreased thereafter. It was also observed that due to the poor fibre-matrix interface of the controls their elongation at break was consistently lower than the impregnated composites (Fig. 9) . It is important to emphasise that a significant decrease in elongation at break may result in the reduction of toughness since it is closely related to the composite ductility.
Similarly, flexural strength of the composites was consistently than the controls (Fig. 10) . It increased steadily as the fibre loading increased from 10 to 30 % while beyond this limit, it was found to reduce. This is due to good interfacial bonding between the fibre and the matrix. This can be understood from the microstructure (Fig. 2a, b) which show that after impregnation, the fibre has a polymeric surface structure as it is enclosed with the UP resin (Fig. 2b) . This is thought to improve the stress transfer between the fibre and the matrix and result in enhancement of interfacial bonding of the impregnated composites.
As shown in Fig. 3 the impregnation process results in an interphase layer that allows the fibre to have a greater resin-to-resin contact area which results in greater mechanical interlocking between the fibre and matrix of impregnated composites. The resin impregnation process of the fibre significantly enhances the composite interfacial bonding since the issue of incompatibility causes the composites to have poor adhesion and wettability. SEM images of the fracture surface (following flexural testing) provide strong evidence of the improvement in adhesion in the impregnated composites. The presence of broken fibres on the fractured surface (Fig. 11b) of impregnated composite provides evidence of strong adhesion between the impregnated fibres and the matrix. On the other hand, for the case of the controls, due to the weak interfacial adhesion between the fibre and matrix, it is observed that fibre pull-out occured, leaving holes on the fractured surface (Fig. 11a) .
The results has also revealed that impregnated fibre composites had consistently higher flexural modulus than the control after the fibre underwent impregnation with UP (Fig. 12) . With similar reason to tensile modulus, after undergoing impregnation process, the impregnated fibres became stiffer since the fibres' empty spaces (cell lumen and cell wall) were already filled with the stiff cured UP resin and resulted in higher flexural modulus. Thus, it can be said that the impregnation process of fibres resulted increased ability of the sugar palm fibre composites to resist deformation in shearing and flexural failure than the controls. It is also observed that 30 % fibre loading yielded the highest flexural modulus for both composites; impregnated composites (3.13 GPa) and control (2.88 GPa). The flexural modulus increased linearly with fibre loading up to 30 % and further increasing fibre loading from 40 to 50 %, a slightly decreasing trend was obtained (2.83 and 2.8 GPa for control and 3.0 and 2.91 GPa for impregnated composites) (Fig. 12) . Similar to the tensile and flexural properties, the impregnated composites exhibited higher toughness than the controls (Fig. 13) with the exception of the composite with 10 % fibre loading. As with the other mechanical properties, this can be related to good interfacial bonding. It was also observed that a large amount of fibre loading can lead to poor interfacial bonding. The toughness decreases with an increase in fibre loading from 30 to 50 % for control and 40 to 50 % for impregnated composites.
Conclusions
The chemical, physical and mechanical properties of sugar palm fibres were investigated after being impregnated with UP. After impregnating the fibre with UP resin, it was observed that the fibre surface was enclosed within the resin and this provided the fibre with a polymeric structure surface that resulted in the increase in IFSS of the impregnated fibre in the matrix. There was no significant difference in terms of TG/DTG behaviours for both fibres and their behaviours followed similar trend of decomposition of other lignocellulose fibres that consist of several phases of decomposition; starting with evaporation of moisture, followed by decomposition of lignocellulose components of hemicelluloses, cellulose, lignin and finally the inorganic content. The embedded resin on the fibre surface improved the composite interfacial bonding as demonstrated by an increase of the mechanical properties of the composites. It was also observed the tensile and flexural properties composites increased with the increase of fibre loading up to 30 % fibre loading while beyond this limit, a reduction was observed due to intermingling of fibres in the composites resulting in insufficient resin to wet the fibre. Fig. 11 a SEM 
